Introduction 61
Liver lipid accumulation is associated with increased metabolic stress, energy depletion, 62 cytokine activation and inflammation in rodent models and human beings (Vanni et al. 2010; 63 Vernon et al. 2011 , Koek et al. 2011 , Rolo et al. 2012 . It is known that methionine and 64 especially methionine choline deficient diets (MCDD) increase the liver TAG in rodent 65 models (Chawla et al. 1988 , Slow & Garrow 2006 . Likewise methionine choline deficiency 66 has been reported to increase liver TAG in Atlantic salmon (Rumsey et al. 1983, Espe et al. 67 2010). Supplementation of methyl group donors (betaine, SAM, folate) could not prevent 68 apoptotic death in choline deficient hepatocytes (Shin et al. 1997) . Choline is part of the 69 phospholipid phosphatidylcholine (PC) of which is abundant in liver. PC is synthesized by 70 two metabolic pathways within the liver either through the Kennedy pathway or through the 71 pemt-pathway (Vance et al. 1997 , Watkins et al. 2003 . It has been reported that mammalian (Espe et al. 2008 (Espe et al. , 2010 as also is true in rodents (Sugiyama et al. 1998) . For a healthy liver 81 sulfur metabolism without any TAG accumulation, Atlantic salmon fed high plant protein 82 diets requires about 2.2g Met/16gN (Espe et al. 2008 (Espe et al. , 2010 . It is believed that liver TAG 83 accumulation is due to reduced availability of PC and apolipoproteinB100 (ApoB100) of 84 which is needed to assembly the very low density lipoproteins (VLDL) and thus transport of 22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Chemical analyses 148
Diets were analyzed for crude composition of protein, lipids, ash and energy as described (Espe et al. 149 2006) . Dietary amino acid composition was analyzed after hydrolyzation for 22h in 6M HCl using the 150 UPLC as described (Espe et al., 2014) . Free amino acids were analyzed in de-proteinized plasma, liver 151 and muscle samples using the Biochrome (30+ Biochrome, UK) with post column derivatization with 152 ninhydrin as described (Espe et al. 2006) . Samples of liver, muscle and feed were extracted in 4 153 volumes 10mM TRIS buffer (pH 7.6) as described (Espe et al. 2014 ) and stored at -80°C until The lipid classes (TAG, phosphatidylethanolamine (PE), PC, total phospholipids 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Growth performance 203
The growth performance and accretion is listed in Table 3 . Fish fed the near lower methionine diets 204 had lower specific growth rate than did those fish fed the methionine surplus diets (p=0.013), but 205 choline supplementation had no impact on growth performance. This was supported with an 206 increased amino acid retention following surplus methionine. Likewise, the fish fed the low 207 methionine diets had worse feed conversion (p<0.001), but choline supplementation had no impact 208 on feed conversion. Mean lipid gain on the other hand was slightly higher in fish fed the diets 209 supplemented with choline (p=0.047), but the dietary methionine inclusion had no impact on lipid 210 gain. Protein gain was reduced in the fish fed the low methionine diets (p=0.007), but 211 supplementation with choline had no effect on protein gain. No interactions between choline and 212 methionine were present in growth performance, feed utilization or accretion. The reduced protein 213 gain was supported with the retention of total methionine in whole body, being high for methionine 214 in fish fed the lower methionine diet and lower in those fed the high methionine diets, while 215 retentions of other amino acids being opposite (Table 3) . 216 217
Phospholipids in plasma, liver and muscle 218
Phospholipids, TAG, NEFA, total cholesterol and total bile acids in plasma, liver and white trunk 219 muscle are listed in Table 4 . Plasma total phospholipids decreased by surplus methionine 220 supplementation (p=0.032) and increased following choline supplementation (p<0.001). Likewise 221 following choline supplementation (p=0.002). Total plasma bile acids increased with methionine 223 supplementation (p=0.026) while choline supplementation had no effect on plasma bile acids. 224
Neither TAG nor NEFA were affected by treatments. There were no interactions between methionine 225 and choline supplementation in plasma lipid classes or total bile acids. Liver lipid classes was not 226 affected by treatments. Neither were white trunk phospholipids, cholesterol or TAG affected by 227 treatments. 228 229
Non protein nitrogen compounds in plasma, liver and muscle 230
Non protein nitrogen metabolites in plasma liver and muscle as affected by treatments are listed in 231 Table 5 . Plasma free methionine (p=0.004), cysteine (p=0.05), cystathionine (p=0.004) and taurine 232 (p=0.016) all increased following surplus methionine supplementation. Plasma PEA was not affected 233 by treatments, while ethanolamine tended to increase (p=0.05) following methionine 234 supplementation. In liver neither choline nor free methionine was affected by treatment, but liver 235 taurine (p=0.009) and cystathionine (p=0.01) increased by surplus methionine. Neither liver PEA nor 236 ethanolamine were affected by treatments. Liver SAM and SAH were un-affected by treatments. 237
There were no interactions between methionine and choline supplementation on non-protein 238 nitrogen compounds in the liver. 239
Muscle choline increased (p<0.001) following choline supplementation, while muscle free 240 methionine (p=0.01) and taurine (p=0.02) increased following surplus methionine supplementation, 241 but there were no interactions between choline and methionine supplementation. Muscle cysteine, 242 cystathionine and ethanolamine were below detectable limits, and there was no treatments effect 243 on PEA. There were no interactions between methionine and choline on muscle non protein nitrogen 244 components. 245 246
Gene expression in liver 247
To assess endogenous choline synthesis and assembly of VLDL in liver as affected by treatment gene 248 expression of pemt and ApoB100, respectively were analyzed. Even though mean pemt expression 249 increased in fish fed the lower methionine diets not added any choline, the differences were not 250 significant. Neither was ApoB100 expression different between treatments (results not shown). To 251 assess possible differences in lipid metabolism liver FAS and CPT-1 expression were analyzed for 252 lipogenesis or lipolysis, but none of these were different between treatments (not shown). To 253 
Gene expression in muscle 261
Genes associated with muscle protein synthesis and accretion (mTOR, IGF-1, MHC, MLC2) or some 262 marker genes for protein degradation through ubiquination (Murf1, mafbx-a, Murf1b) were all 263 unaffected by treatments. Only a slight tendency towards increased expression of Murf1 was present 264 in muscle of fish fed the lower methionine diets (p=0.06, Figure 1) . 265 266
Gene expression in head kidneys 267
To address whether choline supplementation to lower or surplus methionine diets might be 268 beneficial on inflammation, head kidneys were analyzed for pro-inflammatory interleukins (IL-1b, IL-269 6, IL-8) and cytokine (TNFα), but neither of these pro-inflammatory marker genes were affected by 270 treatments (not shown). 271 272
Discussion 273
We previously showed that 1.6g Met/16g N were less than required for a healthy liver sulfur 274 metabolism in juvenile salmon and resulted in reallocation of free methionine from muscle stores to 275 liver keeping the liver sulfur amino acid metabolism similar to those fed adequate methionine (Espe 276 et al. 2014; 2015a) , while adult Atlantic salmon required about 2.2g Met/16g N to secure a healthy 277 liver sulfur metabolism without TAG accumulation (Espe et al. 2008; 2010) . The current study thus 278 should be regarded as containing slightly suboptimal or surplus methionine as the methionine 279 concentrations used were 1.9 and 2.5g Met/16gN (corresponding to 7.8 and 9.8g methionine per kilo 280 diet, Table 2 ).The current study aimed to test whether supplementation of choline to suboptimal 281 methionine diets fed to adult Atlantic salmon would spare methionine to be utilized for other 282 metabolic pathways within liver and or affect transport of liver TAG to peripheral organ as the white 283 trunk muscle preventing development of a fatty liver. Further, to test whether slightly suboptimal 284 were fed low methionine diets (1.6g Met/16gN) or adequate (2.2g Met/16gN) of which were 289 supplemented with choline or not, reduced growth due to reduced protein gain were present, but 290 the juveniles fed the low methionine diets did not accumulate liver TAG (Espe et al. 2014 (Espe et al. , 2015a . In 291 the current study no liver TAG accumulation occurred independent of diets were supplemented with 292 choline or not. Even though the mean TAG in muscle increased following choline supplementation, 293 while mean liver TAG decreased, as expected, the variation between tanks were too high to reach a 294 statistical value. We showed previously that juveniles fed low methionine diets (containing 295 1.6gMet/16g N) had reduced phospholipids in both muscle and liver of which improved when the 296 diets were supplemented with choline (Espe et al. 2014) , while salmon at similar body weights as 297 used in the current study fed diets containing 1.6gMet/16g N had increased liver TAG, but 298 phospholipids were unaffected as compared to those fed diets containing 2.2 g Met /16gN (Espe et 299 al. 2010) . Recently, Belghit and co-workers (2014) reported that rainbow trout fed low 300
(1.4gMet/16gN) adequate (2.1g Met/16gN) or surplus (3.1g Met/16gN) methionine diets to rainbow 301 trout, only reduced growth when fed the low methionine diet were present, while those fed the 302 intermediary methionine showed equal growth and accretion to those fed the surplus methionine 303 diet. Their observations was supported by increased gene expression and abundance of proteolytic 304 enzymes and reduced anabolic markers in those fish fed the low methionine diet. Our lower 305 methionine diet is only slightly lower than the adequate methionine diet used by Belghit et al. (2014) , 306 but growth and protein accretion is significantly less than in salmon fed surplus methionine diets. 307
Even though we were unable to measure any difference in gene expression in muscle, the tendency 308 to better performance in the fish fed surplus methionine was present (less ubiquination and better 309 IGF-1, Figure 1 ). Unfortunately no markers for activation of protein synthesis could be analyzed as no 310 muscle samples were collected to be analyzed for activation protein synthesis or degradation as 311 analyzed by western blots. 312
Neither did the fish seem to be under any increased metabolic stress as there were not any 313 differences in gene expression of cytokines or pro-inflammatory interleukins in the head kidneys. 314
Juvenile Atlantic salmon fed lower dietary methionine (1.6 g Met/16gN) than used in the current 315 study, had elevated gene expression of liver TNFα (Espe et al. 2014 ) as compared to fish fed 316 adequate methionine. Implying that sulfur amino acids availability may interact with inflammation if 317 fish as also shown in obese mammalian models (Lin et al. 2013 , Rosa et al. 2014 . However, the 318 needs to be addressed, as it seems to be well below 1.9g met/16gN as used in the current study. 320
Liver sulfur metabolism was more dependent on methionine than on choline as assessed by the 321 metabolites and in line with previous reports using lower and slightly higher dietary methionine as 322 compared to the current study (Espe et al. 2010 (Espe et al. , 2015a . Using the dietary methionine is adopted in 323 the current study, the gene expression of enzymes involved in liver sulfur amino acid metabolism was 324 unaffected by treatments. Thus indicating that feeding diets with 1.9g Met/16g N seemingly is 325 enough to support a healthy liver sulfur amino acid metabolism, but definitely not enough to 326 concomitantly also support growth and muscle protein deposition during longer term feeding studies 327
as used in the current study. Even though taurine increased in those fed the surplus methionine diet, 328 the gene expression of CDO was unaffected. This is opposite to values reported for juvenile turbot 329 where methionine supplementation decreased (Gaylord et al. 2007) or increased (Wang et al. 2014 ) 330 gene expression of CDO. However, as activities of enzymes in liver sulfur amino acid metabolism 331
were not addressed one cannot rule out that there were differences between treatments. There 332 were no differences between liver SAM or SAH concentration between treatments, again pointing to 333 that liver sulfur metabolism seems to be unaffected by dietary methionine used in the current study, 334 while transsulfuration probably was reduced as validated by the reduced cystahionine and taurine 335 concentrations in both plasma and muscle in the fish fed the lower methionine diets. Our study thus 336 confirms that 1.9 g Met/16N is enough to support a healthy liver sulfur amino acid metabolism and 337 prevents liver TAG accumulation as previously reported when fed low methionine diets (Espe et al., 338 2010), but it does not support maximum protein accretion within muscle. Choline supplementation 339 only had very limiting effects on liver sulfur amino acid metabolism in the current study, but did not 340 improve phospholipid synthesis at dietary methionine concentrations of 1.9g Met/16gN and 341 probably is not necessary to supplement when diets are around 2g Met/16gN. However, the 342 minimum methionine necessary to maximize protein accretion and growth of Atlantic salmon during 343 the seawater out growing phase still needs to be determined during long time feeding experiments 344 of which probably lies between 2.2 (Espe et al. 2008; 2010) and 2.5g Met/16gN (the current study). 345 346 In conclusion choline supplementation did not increase endogenous PC synthesis when dietary 347 methionine was 1.9g Met/16g. Neither was any TAG accumulation present. But as protein accretion 348 and growth improved when Atlantic salmon were fed surplus methionine, the methionine 349 supplementation to maximize protein and amino acid retention and growth when using high plant 350 protein inclusions might be higher than the values recommended by NRC (2011) and especially so 351 , 110, 1968-1977 371 Belghit, I., Skiba-Cassy, S., Geurden, I., Dias, K., Surget, A., Kaushik, S., Panserat, S., 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 All diets were added the same mineral and vitamin mixture to support requirement (NRC 2011). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Mean normalized gene expression (MNE) of two anabolic markers (IGF-1, mTOR) and two ubiquination markers (murf1, murf1b) in muscle. Only Murf1 tended to be higher in fish fed the low methionine diet but did not reach a statistical difference (p=0.06), while none of the other genes tested differed between treatments (p>0.05 Tukeys). Values are tank means±SE, n=3, where LL is low methionine, low choline, LH is low methionine high choline, HL is high methionine, low choline and HH is high methionine, high choline. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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